Abstract Receptor activator of nuclear factor-κB ligand (RANKL) is a tumor necrosis factor (TNF) family member, which signals through the osteoclast surface RANK. As such, RANKL is required for osteoclast differentiation and function, namely bone resorption. There is now growing evidence that RANKL is a therapeutic target for musculoskeletal neoplasms, namely giant cell tumor of bone (GCTB) and osteosarcoma.
Introduction
Musculoskeletal neoplasms are a heterogeneous group of benign and malignant tumors of mesenchymal origin [1] . Treatment for benign neoplasms relies principally on surgery whereas treatment of malignant musculoskeletal neoplasms (sarcomas) involves a multidisciplinary approach involving surgery, chemotherapy, and radiation, depending on the subtype, grade, location, and staging. The principle oncologic problem with benign musculoskeletal neoplasms is local recurrence, whereas in the sarcomas, developing metastatic disease is the most common cause of death. Moreover, response rates to conventional chemotherapy in the metastatic setting remain poor. Given these outcomes, there is much interest in identifying new treatment targets for these patients. Despite the successes of targeted small molecule inhibitors in the last decade (for example, imatinib/cKIT for gastrointestinal stromal tumor, erlotinib/EGFR in non-small cell lung cancer or vemurafenib/Braf in melnaoma), most sarcomas typically lack these classic kinase mutations characteristic of epithelial and neural crest-derived tumors. Thus, sarcoma drug development now often focuses on novel anti-tumor strategies or exploring alternate applications for existing compounds. The fascinating story of the RANKL inhibitor denosumab (Amgen, Inc.), a drug developed for osteoporosis and carcinomas with bone metastases, and giant cell tumor of bone (GCTB) is an example of this strategy.
Bone homeostasis and RANK ligand inhibitors
In the human skeleton, the bone is continuously remodeled throughout life. This involves highly regulated homeostasis between osteoblasts, a mesenchymal cell which forms bone, and osteoclasts, which are multinucleated giant cells of monocyte/macrophage origin, that function to resorb bone [2] . In simplest terms, osteoblasts synthesize a precursor matrix called osteoid which is later mineralized with hydroxyapatite to form mature bone while osteoclasts function to resorb bone in the remodeling process. Interestingly, it has been elucidated that osteoblasts are able to regulate osteoclast differentiation, migration, and activity, at least in part, through expression of RANKL signaling through osteoclast surface RANK. Thus, RANKL is one of the signaling molecules required for osteoclast bone resorptive function; alternative pathways of osteoclast activation exist, however (e.g., lysyl oxidase in breast cancer [3] ).
Denosumab is a humanized monoclonal IgG2 antibody that targets RANKL with high affinity and inhibits its signaling through RANK. It was hypothesized that RANKL inhibition would function to block osteoclast activity through the above model. In early phase studies, denosumab clearly reduced bone resorption [4] , and this later led to subsequent clinical trials showing improvement in osteoporosis [5] and reducing skeletal events in multiple non-sarcoma cancers [6] [7] [8] [9] .
Giant cell tumor of bone and RANKL inhibition as a therapeutic strategy Giant cell tumor of bone (GCTB) is an uncommon benign, albeit locally aggressive, skeletal neoplasm (for review see WHO Classification of Tumors and Soft Tissue and Bone [1] and Raskin et al. 2013 [10] ). GCTB predominantly arises in the long bones of the mature skeleton where it represents less than 5 % of bone tumors [11] . GCTB most commonly occurs in the 3rd to 5th decade of life, though pediatric and geriatric cases have been described [12] . These tumors clinically present with lytic lesions on imaging and symptoms including pain, fracture, mass, limited limb function, or nerve injury. The most common locations are epiphyseal, including the femur and tibia. Other sites including the axial skeleton/ sacrum, hands, feet, and jaw are seen as well. GCTB is unusual in that it is a benign tumor yet it does rarely metastasize to the lungs (<7 % of cases), even in the absence of malignant transformation [13] . Malignant sarcoma transformation is seen, typically in 1 % or less of tumors, and this has been described both with and without radiation therapy [14] [15] [16] [17] .
When technically feasible, GCTB is managed surgically with en block excision or, perhaps now more commonly, curettage with or without local adjuvant therapies (e.g., liquid nitrogen, phenol, ethanol, hydrogen peroxide, cement, etc.) [10] . Local control rates are excellent with this strategy with recurrence typically less than 20 %, depending on the anatomical features of the tumor [10, 18] . However, despite these outcomes, there are cases with recurrent disease, highly morbid procedures, or patients who develop lung metastases, as described above. Until recently, treatment options for these patients were quite limited. For the unresectable or recurrent tumor, radiation therapy is active and a reasonable option for palliation. Radiation therapy has very good rates of local control in up to 75 to 90 % of cases. The typical dosing is 35 Gy or higher [16, 17, [19] [20] [21] [22] . However, in this relatively young population, caution should be taken with radiation therapy given the risks of secondary malignancies or theoretical transformation of the GCTB [16, 17] . Although clinical trials are lacking, additionally strategies include embolization, cryotherapy, interferon, and bisphosphonates.
Histologically, GCTB is characterized by large multinucleated osteoclasts dispersed in a background of ovoid to spindleshaped tumor stromal cells [1, 10] . Interestingly, it has now been shown that the GCTB stromal cells express high levels of RANKL, among other cytokines, which are thought then to directly stimulate the recruitment of the benign, non-tumor monocytes. These monocytes then differentiate into multinucleated osteoclasts where they secrete factors to destroy bone [23] [24] [25] [26] [27] [28] [29] . Though clearly present and integral to the pathobiology of GCTB, the mechanism of RANKL overexpression, however, remains unknown.
As above, RANKL is required for osteoclast differentiation, function, and survival, and denosumab is a high affinity antibody, which inhibits RANKL binding to RANK. Thus, given the proposed model of stromal RANKL-expressing cells recruiting RANK-expressing monocyte/osteoclast cells, it was hypothesized that denosumab could interrupt this paracrine process which drives tumor growth and bone destruction.
In an initial phase II study, Thomas et al. treated 37 patients with denosumab for recurrent or unresectable GCTB [30] . Dosing was aggressive with injections in 3 of 4 weeks in the first month followed by monthly treatments thereafter. Thirty of 35 (86 %) patients derived clinical benefit as assessed by either histological response or no tumor progression. Interestingly, for those patients with histology available for review, all had a reduction in RANK-expressing giant cells and in RANKL-expressing stromal cells; there was evidence of new bone formation in some as well [31] .
In a follow-up study, denosumab was evaluated in over 280 patients with arms for unresectable GCTB (cohort 1), resectable GCTB (cohort 2), and patients continuing from the above pilot study (cohort 3) [32] . The interim analysis was published in 2013, and the results are striking. By investigator analysis, in cohort 1, unresectable GCTB, 96 % of patients did not progress during the study, and there were 8 patients (5 %) with a complete response and 57 (36 %) with partial response. In cohort 2, the resectable GCTB, the data is somewhat more difficult to analyze as at the time of reporting only 26 of 100 patients had planned surgeries. Though subjective, per the investigators, more than half did undergo a less morbid surgery. Of these 100 patients in cohort 2, again by investigator assessment, 17 had a complete response and 37 a partial response with only one patient progressing. Median time to response was 95 weeks in the unresectable cohort and 28 weeks in the resectable cohort. Clinical benefit ranged 40-60 % between cohorts. Using standard clinical trial objective response criteria, the response rates were 25 % (modified RECIST criteria), 96 % EORTC criteria, and 76 % by Choi criteria. Median time to response was 3.1 months by these objective criteria. Importantly, these responses were durable with 94 % of patients remaining progression free on study.
The safety profile for denosumab in GCTB was very good in this study with constitutional symptoms and minor electrolyte abnormalities being relatively common (e.g., arthralgias, headache, fatigue, hypocalcemia). Rare but serious events such as osteonecrosis of the jaw, grade 3 hypocalcemia, and grade 3 hypophosphatemia occurred in 3 % or less of patients [32] .
Based on these findings, denosumab was approved by the FDA in 2013 for the GCTB which is unresectable or associated with a highly morbid procedure/outcome.
In our group, the practice has been to offer denosumab in the following clinical situations. In patients with initial or recurrent GCTB where the surgical morbidity would be potentially unacceptably high, we will lead in with neo-adjuvant denosumab to maximal clinical response. Patients should have imaging of the primary site, a chest x-ray, or CT (risk is highest in recurrent GCTB) and possibly a bone scan depending on the clinical scenario. Before and on therapy, they must have adequate vitamin D, calcium, and phosphorous levels as well as routine dental maintenance. As described in the studies above, the median time to objective response was 3 months; thus, the patient should be followed clinically and with sequential imaging. We typically discontinue treatment prior to surgery, and no adjuvant denosumab is given. A representative patient is shown in Fig. 1 .
As above, less than 7 % of GCTB patients will develop lung metastases. In these patients, options include surgery, ablation (if feasible), or systemic treatment with denosumab.
We will follow patients with serial chest imaging (e.g., every 3-6 months) and treat up to 3 years, depending on the clinical scenario. Again, levels of calcium, vitamin D, phosphorous and adequate dental hygiene needs to be followed.
It is unknown what length of time of denosumab is safe for GCTB patients. This is of particular concern for young patients where the risk of osteonecrosis of the jaw or unusual bone fractures could occur.
RANKL inhibitors in other sarcomas
The exciting data above raises the question as to whether the RANK/RANKL signaling pathway is important in other sarcomas, particularly those of bone. Much of the work is preclinical, but early evidence suggests that the RANK/RANKL is at least present and may have prognostic or therapeutic value.
Osteosarcoma is a highly aggressive malignancy of bone. Modern chemotherapy has dramatically improved survival; however, up to 30 % of patients will have metastatic disease at diagnosis [33] . Osteosarcoma does form lytic bone lesions, and this process may be important for tumor growth, invasion, and ultimately metastasis. Additionally, osteosarcoma can
Pre-Denosumab
Post-Denosumab histologically show osteoclastic-type giant cells perhaps linking the RANK/RANKL to tumor physiology [1, 34] . Evidence now confirms that RANK and RANKL can be expressed in animal and human cell lines as well as human osteosarcoma tissue. There is some discrepancy as to which is present on the tumor cells, the ligand or receptor, perhaps suggesting that either or both can be expressed to function as either a paracrine or autocrine signaling pathway. Early cell line work detected RANK is present in the POS-1 [35] , the Saos-2 [36] , and MOTO [37] osteosarcoma lines and that RANKL can alter downstream kinase signaling and gene expression (implying it may be functional). In contrast, other cell lines (e.g., K7M3) and in human tumor samples suggest that RANKL rather is expressed by the tumor cells themselves and that these may contribute to osteolysis and aggressive behavior of the tumor [34, 38, 39] .
In a small case-control study, Avnet et al. show that 5 of 10 patients with osteoclasts in their tumor samples had metastases at diagnosis while 6 of 6 without osteoclasts did not have metastases at diagnosis [34] . In these samples, they detect osteoclast-differentiating factors (RANKL, PTHrP, M-CSF, IL6 as well as the metalloproteinase MMP-9). The numbers are small yet certainly intriguing and mechanistically plausible as a contributor to invasion. In a subsequent study from Korea of 40 patient samples, RANKL expression in tumors inversely correlated with survival and chemotherapy response [39] . A third study examined RANK and RANKL expression 91 human osteosarcoma samples, and nearly 70 % expressed RANK while only 9 % RANKL. In their cohort, again, RANK was associated with shorter disease-free survival but without correlation of chemotherapy sensitivity or overall survival [40] .
Can targeting RANKL or osteoclasts be therapeutic in osteosarcoma models? Assays exploring small interfering RNA inhibition of RANKL in mouse models showed possible slowing of tumor progression when combined with chemotherapy [41] . Similarly, in a mouse osteosarcoma model, a RANK-Fc antagonist of RANKL reduced lung metastases [42] . Additionally, bisophosphonates, which inhibit osteoclast function, was shown to inhibit tumor growth in cell lines and murine models [38, 43, 44] .
At the moment, there is virtually no human published experience of denosumab in osteosarcoma patients. One case report describes a patient who received denosumab with a multikinase inhibitor, sorafenib, where there was clinical benefit [45] . However, this should be interpreted with caution as it was a single case, and sorafenib could be the active treatment. Controlled clinical studies are currently planned through the Children's Oncology Group (NCT02470091) with anticipated opening in 2015-2016.
Conclusions
The RANK/RANKL signaling system is a key regulator of osteoclast function. There is evidence that it is integral to the pathogenesis of GCTB and perhaps important for bone invasion and microenvironment in other sarcomas. Phase II clinical studies show a remarkable disease control rate for patients with advanced GCTB, and it is now an FDA-approved therapy for those with metastatic or difficult to resect tumors. There is also growing evidence that the RANK/RANKL pathway may be important in other connective tissue malignancies, including osteosarcoma. Clinical trials are currently planned to determine the safety and anti-cancer activity in osteosarcoma patients.
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